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APPLICABILITY OF NACELLE ANEMOMETER
MEASUREMENTS FOR USE IN TURBINE POWER
PERFORMANCE TESTS

Gordon Randall and Tim McCoy Brian Smith and Hal Link
Global Energy Concepts, LLC National Renewable Energy Laboratory
5729 Lakeview Dr. NE, Suite 100 1617 Cole Boulevard
Kirkland, WA 98033 Golden, CO 80401
USA USA
ABSTRACT

Collection of accurate wind speed data is one of the more problematic elements in conducting
wind turbine power performance tests. IEC 61400-12 specifies meteorological tower placement
between two and four rotor diameters upwind of the test turbine. However, use of an upwind
meteorological tower can be difficult at some sites. In some cases, complex terrain near the
turbine may make placement of an upwind tower impossible. In addition, purchase and erection
of a meteorological tower can be expensive, particularly as the hub height of large turbines
increases.

Because of these concerns, wind farm owners and turbine manufacturers have expressed interest
in the use of turbine nacelle-mounted anemometers for collection of wind speed data. The most
significant problem with this practice is that wind flow is disturbed by the rotor and nacelle, so
wind speed measurements collected by an anemometer mounted at the back of the nacelle do not
accurately represent free-stream wind speeds experienced by the rotor. This problem can be
addressed if the measurements can be adjusted; however, in order to perform such an adjustment,
data must be collected to describe the relationship between the free-stream wind speeds at the
rotor and nacelle anemometer. Such data collection would typically involve erecting an upwind
meteorological tower, which is the specific activity that nacelle anemometer wind speed
measurements intend to avoid.

The U.S. Department of Energy (DOE)-Electric Power Research Institute (EPRI) Wind Turbine
Verification Program (TVP) has performed data collection and power performance tests at a
number of wind energy facilities located in the United States. These activities include long-term
measurements of hub-height wind speed from upwind meteorological towers and from nacelle
anemometers. The purpose of this paper is to evaluate the data gathered from the Big Spring,
Texas; Algona, lowa; and Springview, Nebraska, facilities to determine whether a meaningful
relationship can be derived between meteorological-tower and nacelle-anemometer wind speed
measurements for Vestas V47 and V66 turbines (Big Spring) and Enron Z-50 turbines (Algona
and Springview).



INTRODUCTION

As part of the U.S. Department of Energy/Electric Power Research Institute (DOE-EPRI) Wind
Turbine Verification Program (TVP), Global Energy Concepts (GEC) and the National
Renewable Energy Laboratory (NREL) have been engaged in planning and conducting third-
party power performance tests at most of the TVP project sites in accordance with the
International Electrotechnical Commission (IEC) Standard 61400-12 [1]. Results of these tests
have been reported at the last two WindPower conferences. [2] [3] The TVP is a joint effort
between DOE, EPRI, host utilities, and developers to evaluate early production models of
advanced wind turbines and to verify the performance, reliability, maintainability, and cost of
new wind turbine designs and system components in a commercial environment.

An objective of the TVP power performance testing was to exercise the IEC standard and gain
experience with the specified methodology and procedures. One of the more problematic
elements of the testing is the ability to meet the requirements for meteorological (MET) tower
placement in complex terrain in order to obtain accurate representation of the wind resource
experienced by the test turbine rotor. For several of the TVP tests, the sites did not meet the
topographic requirements specified in the IEC standard. In such cases, the standard requires a
site calibration, which involves the installation of a second hub-height MET tower at the turbine
site before the turbine is installed. For many wind projects, the time and cost of conducting a site
calibration is not practical. In addition, it may not be possible to place a MET tower at the IEC-
specified upwind distance of two to four rotor diameters from the test turbine at some sites
because of terrain limitations. The most recent addition to the TVP, the Buffalo Mountain wind
project owned by the Tennessee Valley Authority (TVA), provides a good example of these
issues. The three Vestas V47 turbines in the Buffalo Mountain project are located in a rugged
mountainous area and the terrain drops off severely in all directions, prohibiting the placement of
a MET tower in the vicinity of the turbines.

To address these issues, a number of wind industry members have promoted the use of data from
nacelle-mounted anemometers to generate wind speed measurements for power performance
testing. Assuming an accurate methodology can be established, there are several advantages to
this concept. Wind turbines are already equipped with nacelle anemometers and additional
equipment purchases may be limited, thus reducing the overall cost of testing. In addition, the
approach offers an option for evaluating turbine performance in complex terrain where MET
tower placement may be difficult.

However, there are also significant drawbacks to the use of nacelle anemometers for power
performance testing. Nacelle anemometers do not accurately represent the free-stream wind
speeds experienced by the rotor due to their mounting location (behind the rotor on upwind wind
turbines) and the impact of the nacelle structure and blades on the wind flow. Figure 1 shows
examples of anemometers on a MET tower and on a wind turbine nacelle. In order to account for
these impacts, wind data from the nacelle anemometers must be adjusted to represent the free-
stream wind flow seen by the rotor. Another disadvantage is that nacelle anemometers are
typically not calibrated, introducing additional uncertainty into the testing process.

Because detailed data is available from each of the TVP projects (including nacelle anemometer
readings) and because power performance tests have already been conducted at these sites, the
TVP is in a unique position to evaluate the use of nacelle anemometers for power performance
tests. In addition, the TVP is interested in such methods as a potential performance evaluation
tool for the TVA Buffalo Mountain project where testing in accordance with the IEC standard is
not possible.



FIGURE 1: MET TOWER AND TURBINE NACELLE ANEMOMETERS

In this paper, data from three TVP wind projects—Big Spring, Texas, Algona, lowa, and
Springview, Nebraska—were evaluated to establish relationships between free-stream wind
speeds measured by upwind MET towers and wind speeds measured by nacelle anemometers.
Relationships determined for individual turbines were then applied to other turbines of the same
type to determine whether the results were replicable.

The location of these projects is shown in Figure 2 [4]. Three wind turbine models were included
in this analysis: Vestas V47 and V66 turbines in Texas and Enron Wind Z-50 turbines in lowa
and Nebraska. Power performance tests in accordance with the IEC standard have been
performed on all but one of the turbines selected for evaluation in this analysis [2] [3]; the
remaining turbine did not undergo a formal power performance test but has an upwind MET
tower suitable for performance of such a test.

Springview, NE Algona, IA
2 x Zond Z-50 3 xZond Z-50

Big Spring Texas
42 x Vestas V47-660 and
4 x Vestas V66-1.65

FIGURE 2: TVP PROJECT LOCATIONS



METHODOLOGY
A consistent procedure was used to evaluate the MET tower and nacelle anemometer data
examined in this paper. The methodology is outlined below:

1.

For each turbine model, a “primary” turbine was selected for analysis. For each primary
turbine, a successful power performance test had previously been conducted using an
upwind MET tower in accordance with the IEC standard. These baseline turbines
included V47 Turbine 26 and V66 Turbine B at the Big Spring project, and Z-50 Turbine
3 at the Iowa project.

For two turbine models, a second turbine was selected to evaluate the accuracy of
relationships developed at the primary turbine. Nebraska’s Z-50 Turbine 1 was selected
as a “second” turbine because a power performance test had also previously been
conducted on that turbine. Big Spring’s V47 Turbine 40 was selected as a “second”
turbine because an upwind MET tower was currently in place. An appropriate “second”
V66 turbine was not identified.

For each of the primary turbines, a period of data was selected where both valid MET
tower wind speed and nacelle anemometer wind speed measurements were available. If
possible, these data were selected from a time period immediately preceding or following
the power performance test. The objective was to verify whether relationships observed
for these turbines were consistent over time, given the same measurement equipment. In
some cases, the data analysis period overlapped with the power performance test period
due to insufficient readily available data from other times.

The selected MET tower and nacelle anemometer wind speed data were processed using
methods consistent with the [EC Standard to the extent possible. For example, invalid
direction sectors were established consistent with the Standard’s guidelines and only data
from unobstructed direction sectors were used. Data were also excluded for periods of
icing and when the turbine was offline. One deviation from the standard was that data
from below cut-in wind speeds were excluded from evaluation in this analysis in order to
minimize errors from use of offline data. Finally, wind speed data were normalized to a
sea-level air density of 1.225 kg/m’ using equation 5 from the Standard.

Remaining MET tower and nacelle anemometer wind speed data were plotted against
each other and a linear trendline describing the relationship between the measurements
was determined. Other methods of describing the relationship, such as binned ratios and a
third-order regression, were also examined.

The relationships were then applied to nacelle anemometer measurements for each
turbine to generate nacelle anemometer-based power curves. Results from the nacelle
anemometer-based tests were directly compared with the previously conducted power
performance tests, when possible.

Power curves from the MET tower and nacelle anemometer were compared in two
manners. First, the two curves were plotted atop each other to determine if the power
curve based on the nacelle anemometer fell within the uncertainty estimates of the MET
tower curve (as determined during the earlier power performance test) throughout most or
all of the curve. Second, the annual energy production (AEP) for the turbine was
calculated using each power curve for an assumed annual average wind speed of 8 m/s
and a Rayleigh distribution.

Wherever possible, the analyses were performed in accordance with the IEC Standard. Calibrated
MET tower anemometers were available for all tests, but the nacelle anemometers were not
calibrated; this is a deviation from the Standard. In addition, the locations of the V47 and V66
turbines at the Big Spring project and the Z-50 turbine at the Nebraska did not meet the



topographic requirements specified in the Standard and no site calibration was practical.
However, evaluation performed as part of the power performance tests at the Big Spring turbines
indicated that the topographic variations did not appear to have a significant effect on the power
curves. Other minor deviations from the Standard included a lack of hub height temperature and
pressure sensors; hub-height temperature and pressure were estimated from lower-level
measurements.

TEST RESULTS

The results of the analyses, including power curve and AEP comparisons, are presented in this
section for five cases. Additional observations and conclusions are discussed following the
results.

Case 1: Big Spring V47 Turbine 26
Wind speed data generated from V47 Turbine 26 during a time period immediately preceding the
turbine’s power performance test were used to generate the relationship between the MET tower
and nacelle anemometer measurements for the V47. Figure 3 illustrates the observed relationship.
Only limited scatter is apparent, and a linear relationship is seen from wind speeds at cut-in up to
approximately 15 m/s. Above 15 m/s, the relationship appears to vary from linear.
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FIGURE 3: RELATIONSHIP BETWEEN MET TOWER AND NACELLE ANEMOMETER WIND
SPEEDS, BIG SPRING VESTAS V47 TURBINE 26

This relationship was applied to nacelle anemometer wind speed measurements from the period
of the power performance test. Figure 4 presents scatter plots of power vs. wind speed
measurements for this turbine based on the MET tower and nacelle anemometer measurements.
Throughout the body of the curve, there is much less scatter in the power measurements using the
nacelle anemometer to generate wind speeds than using the MET tower data. This is also
reflected in the standard deviations of the points in each wind speed bin. Up to approximately 11
m/s, the standard deviations in the bins using the nacelle anemometer results are about 40% lower



than using the MET tower results. This indicates that the nacelle anemometer may provide much
more precise estimates of free-stream wind speeds at the rotor, although these estimates may be
less accurate.
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FIGURE 4: SCATTER PLOT OF POWER VS. WIND SPEED, BIG SPRING VESTAS V47
TURBINE 26

The calculated power curves for Big Spring V47 Turbine 26 are presented in Figure 5. As shown,
the power curve based on the nacelle anemometer falls within the uncertainty estimates of the
curve based on the MET tower (shown as error bars off the measurement points). The power
curve based on the nacelle anemometer appears to overestimate power by several percent
between approximately 8 m/s and 12 m/s and underestimates power slightly below 6 m/s. The
AEP was calculated for each curve using an average annual wind speed of 8 m/s, with results of
approximately 2.22 GWh/year for the power curve based on the MET tower and 2.25 GWh/year

for the power curve based on the nacelle anemometer. These results differ by approximately
1.4%.
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Case 2: Big Spring V47 Turbine 40

The relationship between MET tower and nacelle anemometer wind speeds determined for Big
Spring V47 Turbine 26 in Case 1 was applied to Turbine 40, located approximately four miles to
the east in similar terrain, and power curves were generated for this turbine. Because no complete
power performance test has been conducted on Turbine 40 and because the measurement
equipment available for this turbine does not meet the requirements of the Standard, uncertainty
estimates for the power curve were not available. Deviations from the IEC standard include the
lack of temperature or pressure data at the MET tower (sensors from other towers were used as
surrogates), a calibrated power transducer was not installed at the turbine, and topographic
assessments were not conducted. Nonetheless, there are no apparent indications that the
uncertainties associated with the data from this turbine are significantly greater than those shown
for Turbine 26.

The two power curves are shown in Figure 6. The power curve based on the nacelle anemometer
is significantly lower than the curve based on the MET tower between about 10 m/s and 14 m/s,
with a maximum difference of 30 kW (about 5%) around 12 m/s. The results are higher than the
curve based on the MET tower between approximately 6 m/s and 9 m/s. The AEP was calculated
for each curve using an average annual wind speed of 8 m/s, with results of approximately 2.24
GWh/year for the power curve based on the MET tower and 2.23 GWh/year for the power curve
based on the nacelle anemometer. These results differ by approximately 0.3%. In this case,
although there may be errors of several percent in varying directions for each wind speed bin,
these errors essentially cancel each other out when calculating the AEP.
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Case 3: Big Spring V66 Turbine B

Wind speed data generated from V66 Turbine B during a time period immediately preceding the
turbine’s power performance test were used to generate the relationship between the MET tower
and nacelle anemometer measurements for the V66. This relationship was applied to nacelle
anemometer wind speed measurements from the period of the power performance test. The
calculated power curves for this turbine are presented in Figure 7. As shown, the curves are
reasonably close, with the curve based on the nacelle anemometer falling within uncertainty
estimates on the curve based on the MET tower. However, the curve based on the nacelle
anemometer is somewhat lower between wind speeds of about 8 m/s to 12 m/s. The AEP was
calculated for each curve using an average annual wind speed of 8 m/s, with results of
approximately 4.51 GWh/year for the power curve based on the MET tower and 4.40 GWh/year

for the power curve based on the nacelle anemometer. These results differ by approximately
2.5%.
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Case 4: Iowa Z-50 Turbine 3

Wind speed data generated from lowa Z-50 Turbine 3 during a time period around and during the
turbine’s power performance test were used to generate the relationship between the MET tower
and nacelle anemometer measurements for the Z-50. Figure 8 illustrates the observed
relationship. Some scatter is apparent at low wind speeds, but the relationship appears generally
linear across the range of measurements.

Unlike the results for the V47 shown in Figure 3, the slope of this relationship exceeds 1,
indicating that the nacelle anemometer wind speed measurements are reported as being higher
than at the upwind MET tower. There are several possible reasons for this. It is possible that
winds are affected by the nacelle of the Z-50 in a manner that produces increased wind speeds at
the anemometer. It is also possible that a scaling factor may be applied to the measurements
through turbine programming for control purposes. The specific reason this may occur is not
crucial to understand, as long as the reason is the same across turbines (i.e., if a scaling factor is
being applied through the turbine controller, it is important that the same scaling factor be applied
in all turbine controllers for which the observed relationship may be applied).
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The calculated power curves for lowa Z-50 Turbine 3 are presented in Figure 9. The modified
nacelle anemometer power curve is within the uncertainty bounds of the MET tower curve
(shown as error bars on the curve) over all wind speeds. The AEP was calculated for each curve
using an average annual wind speed of 8 m/s, with results of approximately 2.51 GWh/year for
the power curve based on the MET tower and 2.49 GWh/year for the power curve based on the
nacelle anemometer. These results differ by approximately 1.1%.
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The scatter in the power curve was also evaluated. As with the V47 results shown in Figure 4,
there is much less scatter in the power measurements based on nacelle anemometer than using the
measurements based on the MET tower, with the exception of some points off the curve at low
wind speeds. The standard deviations in each wind speed bin are about 30% to 40% lower
throughout the body of the curve using the nacelle anemometer.

Case 5: Nebraska Z-50 Turbine 1

The relationship between MET tower and nacelle anemometer wind speeds determined for Iowa
Z-50 Turbine 3 in Case 4 was applied to Nebraska Z-50 Turbine 1. The resulting power curves
for this turbine are presented in Figure 10. The curve based on the nacelle anemometer power
curve is slightly lower than the MET tower curve from approximately 6 m/s to 12 m/s, and it also
exhibits a slight “dip” above rated wind speed at which a few erroneous high nacelle anemometer
wind speed measurements are influencing the bin averages. However, the body of the curve is
within the uncertainty on the curve based on the MET tower. The AEP was calculated for each
curve using an average annual wind speed of 8 m/s, with results of approximately 2.45 GWh/year
for the power curve based on the MET tower and 2.39 GWh/year for the power curve based on
the nacelle anemometer. These results differ by approximately 2.6%.
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ADDITIONAL OBSERVATIONS

In addition to the results above, supplementary investigations were conducted as part of this work
to better understand the analyses and the technical implications of the results. Specific data sets
available at some sites provided an opportunity to further examine some interesting technical
considerations. These observations and indicative analyses are discussed below.

Use of off-line data for determining relationships

As previously noted, only online turbine data from periods when energy was generated were used
to determine the relationships between MET tower and nacelle anemometer wind speeds.
Additional analyses were conducted to determine the impact of using data from when the turbines
were not running.

Figure 11 presents the difference in observable relationships between when V66 Turbine B was
online and operating versus when the turbine was not running (i.e., faulted, paused, or in
maintenance mode). As shown, there is a significant difference in these relationships, with a slope
varying by more then 0.13 between the two cases. One explanation for these results is that wind
flow behind the rotor will be much different when the turbine is not operational; however, there
may be additional contributing effects. For example, the turbine may not be yawed into the wind
if faulted, and it may therefore expose the nacelle anemometer to the wind from a different
direction.

It should be noted that while these results support the use of only online data when determining

relationships between MET tower and nacelle anemometer wind speeds, this practice may
increase uncertainties in cases in which offline data are to be used in power performance tests,

12



such as if the turbine goes offline for normal turbine control reasons. Such occurrences are likely
to be rare, so the increase in uncertainties should be negligible for most turbines.
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Anemometer Calibration Issues

As noted earlier, none of the nacelle anemometers used in this evaluation were calibrated. To
investigate the uncertainties associated with the use of uncalibrated anemometers, the relationship
between the nacelle anemometers of three adjacent turbines, V66 Turbines A, B, and C at Big
Spring, to the nearby MET tower were examined. All three turbines are similarly exposed to
prevailing winds and similar relationships were expected.

Figure 12 shows the relationship for each turbine, with the intercepts for each trendline set to zero
to help illustrate the differences between the lines. The relationship between the MET tower and
nacelle anemometers on Turbines A and C is close, while the relationship between the MET
tower and nacelle anemometer on Turbine B is significantly different (with a slope varying by
about 0.07). Assuming that the winds experienced by each turbine are similar, the resulting
difference is most likely due to the inherent variation in the nacelle anemometers. The use of
calibrated sensors would reduce the potential for this type of variation.

13
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To further evaluate the effects of uncalibrated anemometers, an additional analysis was
performed with Big Spring V66 Turbine B. Shortly after completion of power performance
testing of this turbine, the primary upwind MET tower anemometer failed and was replaced with
an uncalibrated anemometer. Figure 13 illustrates the relationships between the MET tower wind
speed measurements and nacelle anemometer wind speed measurements before and after the
upwind anemometer was changed. As shown, the slope of the regression changed significantly —
more than 0.05 — between the two time periods.

A power curve and AEP calculation was generated for V66 Turbine B based on the two
relationships shown in Figure 13. The power curves are shown in Figure 14. The power curve
based on the uncalibrated adjustment falls outside the uncertainty bounds of the results based on
the MET tower throughout the body of the curve. Furthermore, the AEP using the uncalibrated
measurements of 4.13 GWh/year is about 8.4% lower than the AEP based on the MET tower
(estimated at 4.51 GWh/year). These results indicate the importance of using calibrated
anemometers for power performance testing.
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Turbine Control Issues
At the Nebraska TVP project, the turbines were repitched and the control software was adjusted
to help improve turbine performance after the completion of the initial [IEC power performance
measurements. As a result, test data is available from the turbine for the periods before and after
these adjustments were made. Figure 15 shows the relationship between the nacelle anemometer
and the MET tower before and after the adjustments. Although the regressions are similar, the
variation indicates that changes in turbine configuration can result in inaccurate measurements of
free-stream wind speed and reduce the accuracy of the power curve estimates.
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Non-Linear Relationships

In some cases, a linear regression may not appear to adequately describe the relationship between
the sensors. For example, in Case 1, the relationship for the V47 varies from linear at high wind
speeds. To determine if methods other than linear regression would more adequately describe the
relationship between the anemometers, other approaches were investigated. Figure 16 illustrates
the impact of grouping data for the V47 into 0.5 m/s bins. In this example, the ratio of nacelle
anemometer to MET tower wind speed measurements was calculated for each bin. Power curves
using the bin ratios to adjust nacelle anemometer measurements are shown for the V47 in Figure
17. As seen in this figure, no significant improvement in results is observed using the binned
ratios.
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The results using binned ratios applied to V47 Turbine 40 also showed no observable
improvement in results. Use of a third-order regression was also evaluated, and results were
similar. Consequently, we concluded that the linear regression was adequate for description of the
ratio between nacelle anemometer and MET tower wind speeds for the turbine types investigated
in this paper.

CONCLUSIONS AND RECOMMENDATIONS

Initial results using both the V47 and Z-50 wind turbines indicate that nacelle anemometers can
provide reasonably accurate approximations of turbine power curves measured using upwind
MET towers. Specific observations and conclusions include the following:

e The relationship observed between wind speeds measured at an upwind MET tower and a
nacelle anemometer can be used to generate power curves for a test turbine with fairly
low error in AEP estimates.

e Relationships observed for individual test turbines appear representative of other turbines
of the same type, although uncertainties of approximately 3% in AEP estimates appear
likely due to variations in these relationships. The method using nacelle anemometers
appears to be sufficiently accurate for broad monitoring of turbines across a wind farm to
verify that individual turbines are performing per specifications and to document that
turbine performance remains constant over time.

o The most significant source of variation in these relationships is likely to be caused by
the use of uncalibrated nacelle anemometers, although other sources of uncertainty may
include differences in turbine controls, topographic variations near the turbines that could
produce different wind flow around the nacelles, minor differences in anemometer
mounting, and others.

e The relationships between wind speeds at the upwind MET tower and at the nacelle
anemometers appear close to linear over most wind speeds, with the most variation at low
(i.e., below cut-in) and high wind speeds. For the purposes of power performance testing,
errors at high and low wind speeds are unlikely to have significant effects because at
these speeds the turbines are either not online or are maintaining rated power.

e Much less scatter was observed in the power curves generated from the nacelle
anemometers than from the power curves generated by the upwind MET towers. This
increased precision in results suggests that if the relationships between the free-stream
and nacelle wind speeds can be reliably determined, then the nacelle anemometers may
produce more accurate power curves than using MET towers in complex terrain, where
the upwind measurements may not be representative of free-stream winds at the turbine
rotors.

e Maintaining a constant test turbine configuration is crucial for accurate power curve
results using nacelle anemometers. Changes in controls, pitch settings, nacelle
anemometer mounting, and blade condition could all significantly affect power curve
estimates.

Based on these initial results, the use of nacelle anemometers for power performance testing
appears promising and future research into these methods is warranted to better define procedures
and understand potential drawbacks. Recommendations to further develop and improve the
methodology include the following:

e Perform additional tests using calibrated anemometers on both the nacelles and MET
towers to determine the impact of using calibrated sensors and identify if additional
sources of uncertainty (such as topographic effects or variations in turbine configuration)
can be isolated. The TVP is investigating if calibrated sensors can be installed on the test
turbines evaluated in this analysis.

18



e Continue evaluation of additional turbine types and configurations to determine whether
results are similar for different machines. Evaluation of fixed-pitch, stall-regulated
turbines that do not maintain a constant regulated power may show that the methodology
is inadequate for accurate determination of high wind speeds.

e Perform tests on turbines at a location where installation of an upwind MET tower is not
practical to determine if the relationships established at other locations appear to apply.
The TVP is planning to conduct such testing on the three V47 turbines at the TVA
Buffalo Mountain wind project in Tennessee. The results of this testing will help indicate
whether the relationships apply across sites and whether steep upwind terrain
significantly affects wind flow around the nacelle anemometers.

e Encourage the IEC to complete development of a standard addressing use of nacelle
anemometers to verify turbine power performance. This standard would formalize a
methodology applicable across all wind energy facilities, including stand-alone turbines
and wind farms, and provide guidance for power performance testing at sites in complex
terrain.
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